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HIGHLIGHTS 


►  SSF-SDC  cathode  powders  were  prepared  by  two  different  routes. 

►  SSF-SDC  samples  derived  from  new  method  showed  high  electrical  conductivity  and  good  catalytic  activity. 

►  The  ASRs  of  SSF-SDC  is  comparable  to  those  of  other  cobalt-free  cathode. 

►  The  SSF-SDC  cathode  owns  good  thermal  cycle  stability. 
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Cobalt-free  Smo.6Sro.4Fe03_5-Ceo.8Smo.202-5  (SSF-SDC)  composite  powders  are  prepared  by  a  newly 
one-step  synthesis  method,  co-synthesis  method.  Powders  XRD  analysis  shows  that  the  composite 
powders  exhibit  the  consistent  phase  structure  with  powders  derived  from  traditional  method,  which 
demonstrate  that  the  SSF  is  compatible  with  SDC.  Dry-mixing  method,  a  traditional  composite  cathode 
preparation  method,  is  used  to  obtain  SSF-SDC  composite  cathode  as  a  comparison.  The  two  cathodic 
composites  of  microstructures,  electrical  conductivities  and  symmetric  electrochemical  cells  are  char¬ 
acterized  under  the  same  condition.  As  a  result,  powders  from  new  method  show  superior  micro¬ 
structure,  high  electrical  conductivity  and  good  electrochemical  properties.  Finally,  cathode  preparing 
from  new  method  is  evaluated  by  an  anode-supported  SDC-electrolyte  single  cell  testing.  To  further 
study  SSF-SDC  cathode,  the  thermal  expansion  coefficient  and  thermal  cycling  performance  are 
measured.  The  all  results  imply  that  co-synthesis  method  is  a  facile  and  practical  way  to  improve  the 
cathode  properties  and  SSF-SDC  is  a  promising  cathode  for  intermediate  temperature  SOFCs. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  thought  as  electrochemical 
energy  conversion  devices  which  can  convert  chemical  energy  into 
electrical  energy  with  high  energy  conversion  efficiency  and  low 
emissions  of  pollutants  [1].  The  research  of  intermediate  temper¬ 
ature  SOFC  has  attracted  great  attention  by  many  groups  at  last 
decades,  especially  for  SOFCs  based  on  SDC  electrolyte  [2-4].  SDC 
owns  high  ionic  conduction  comparing  with  other  ionic  conductor 
below  700  °C.  Operation  at  intermediate  temperature  will  solve 
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some  key  issues  such  as  reducing  degradation,  lessening  sealing 
problems  and  using  cheaper  metallic  materials  as  interconnects  [5]. 
However,  the  low  operation  temperature  of  SOFC  is  negative  for  the 
electrochemical  processes,  e.g.,  depressing  anodic  and  cathodic 
reactions,  decreasing  ion  conductivities  in  electrolyte  and  resulting 
in  lowering  the  cell  power  output.  Particularly,  cathode  process  is 
highly  sensitive  to  temperature  due  to  a  high  activity  energy  for 
oxygen  reduction  reaction  (often  >1.5  eV)  [6]. 

A  good  cathode  with  low  cost  and  good  combination  properties 
need  to  be  found  and  applied  in  intermediate  temperature  SOFCs. 
Two  approaches  can  be  employed  to  achieve  to  the  required 
cathode  performance.  First  of  all,  new  material  system  can  be 
developed  for  low  temperature  operation.  Cobalt-based  cathodes 
have  been  extensively  studied  and  show  good  electrochemical 
properties,  because  cobalt-containing  cathodes  have  good  catalytic 
activity  for  oxygen  reduction  and  high  electrical  conductivity  [7,8]. 
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However,  high  thermal  expansion  coefficient  (TEC),  poor  stability 
and  high  cost  of  cobalt  element  are  encountered  for  them  [9]. 
Doping  ferrite-based  cathodes  with  lower  TEC  and  better  stability 
as  well  as  lower  cost  are  regard  as  a  development  goal  [10-12]. 

In  this  study,  composite  cathode  Smo.6Sro.4Fe03_5-Ceo.sSmo.202-5 
was  developed  as  cathode  for  intermediate  temperature  SOFCs.  The 
cathode  consists  of  a  perovskite  oxide  and  an  oxygen-ion  conductor 
SDC,  built  in  a  composite  electrode  which  increases  the  triple  phase 
boundary  (TPB)  length  and  thereby  efficiently  reduces  the  electrode 
polarization  and  highly  improves  the  thermal  compatibility  with 
electrolyte  membrane  [13,14]. 

Beside,  variety  of  cathode  geometrical  parameters  can  also 
optimize  cathode  performance,  e.g.}  porosity  [15],  particle  size  [16]. 
The  effect  of  composite  cathode  on  cell  performance  can  be 
produced  by  changing  volume  fraction  and  spatial  distribution  of 
cathode  component  [17-19].  SSF-SDC  composite  cathodes  were 
prepared  by  two  different  methods,  new  co-synthesis  method  and 
traditional  dry-mixing  method.  The  phase  structure,  microstruc¬ 
ture  and  electrical  properties  were  contrastively  investigated  at  the 
same  condition.  Cathode  powders  prepared  by  co-synthesis 
method  showed  superior  properties. 


2.  Experimental 

2.1.  Powders  synthesis 


The  fine  Smo.6Sro.4Fe03_5-Ceo.8Sm0.202-5  (SSF-SDC)  powders, 
in  which  the  weigh  ratio  of  SSF  to  SDC  was  7:3,  were  co-synthesized 
by  one-step  process  using  a  citrate  and  nitrite  route,  namely,  co¬ 
synthesis  method  [20].  Required  amount  of  analytical  reagents  of 
Sm203,  Sr(N03)2,  Fe(N03)3  and  Ce(N03)3  were  dissolved  in  dilute 
nitric  acid.  Citric  acid  as  complexing  agent  was  added,  molar  ratio  of 
citric  acid/metal  equal  to  3:2.  Then  the  solution  was  heated  under 
stirring  to  evaporate  water,  changed  into  viscous  gel  and  finally 
ignited  to  flame.  The  resultant  black  ash  was  fired  for  3  h  at  1000  °C, 
obtaining  SSF-SDC  cathode  powders. 

To  compare  with  new  method,  dry-mixing  method  as  a  tradi¬ 
tional  preparation  method  of  cathode  powders  was  used  to 
synthesize  SSF-SDC  powders.  SSF  and  SDC  were  respectively 
prepared  by  the  same  route  as  mentioned  above,  followed  by 
a  simple  physical  mixing  them,  obtaining  the  required  SSF-SDC 
composite  powders. 


2.2.  Samples  preparation 

The  SSF-SDC  powders  were  shaped  into  disks  with  a  diameter 
of  15  mm  and  bars  with  40  mm  x  5  mm  x  2  mm  dimension, 
uniaxially  pressed  at  200  Mpa,  and  sintered  at  1400  °C  for  10  h.  The 
sintered  disks  were  used  to  investigate  the  microstructure.  The 
electrical  conductivity  measurement  was  functioned  on  the  sin¬ 
tered  bars.  Electrical  contacts  were  made  using  Ag  wires  and  Ag 
paste  placed  over  whole  end  faces  ensuring  a  homogeneous  current 
flow. 

The  SDC  powders  were  pressed  into  pellets  for  electrochemical 
symmetrical  cells.  The  pellets  were  sintered  at  1500  °C  for  5  h  in  air 
to  obtain  dense  SDC  pellets.  The  cathode  slurries  (mixing  SSF-SDC 
and  10  wt%  ethylcellulose-terpineol  binder  with  the  ratio  of  1:1) 
were  brush-printed  on  each  side  of  SDC  pellets  and  then  calcined  at 
1000  °C  for  3  h.  The  half  cells,  60  wt%  NiO-SDC/SDC  bilayers,  were 
prepared  by  a  co-pressing  and  co-firing  process.  SSF-SDC  cathode 
slurries  were  brush-painted  on  the  SDC  surface  of  the  half  cells, 
with  an  area  of  0.235  cm2,  and  followed  by  firing  at  1000  °C  for  3  h. 
An  anode  supported  SDC  cell  with  SSF-SDC  composite  cathode  was 
assembled  successfully. 


2.3.  characterizations  and  testing 

The  phase  composition  of  powders  was  identified  by  an  X-ray 
diffraction  (XRD,  Philips  PW  1730  diffractometer),  using  Cu  Ka 
radiation.  A  scanning  electron  microscope  (SEM,  JSM-6301F)  with 
the  mode  of  backscatter  determined  the  sintered  disks  micro¬ 
structure  and  the  cell  morphology.  The  grain  size  distribution  in 
BSEM  images  was  analyzed  using  Nano  Measurement  software.  The 
electrical  conductivities  were  measured  in  temperature  range  from 
300  to  800  °C  at  50  °C  intervals  using  a  dc  four-probe  technique  on 
sintered  dense  bars.  The  conductivities  (a)  were  determined  by 
taking  a  =  L/A  x  dl/dV,  where  L  is  the  distance  between  voltage 
contacts  and  A  is  the  sample  cross  section. 

Electrochemical  symmetrical  cells  were  performed  in  air  from 
500  to  700  °C  and  Ag  was  used  as  a  current  collector  for  electrode. 
Polarization  resistances  (Rp)  of  the  cell  were  measured  by  an 
impedance  analyzer  (CHI604B),  applied  frequencies  range  from 
0.01  Hz  to  100  kHz.  Area  specific  resistances  (ASR)  were  calculated 
using  ASR  =  Rp  x  (surface  area)/2,  where  the  surface  area  is 
1.187  cm2.  The  thermal  cycle  tests  were  performed  at  temperatures 
in  the  range  of  200-700  °C.  A  ramping  rate  of  5  °C  min-1  was  used, 
followed  by  a  hold  at  700  °C  for  30  min  to  measure  the  polarization 
resistance  during  40  cycles.  Electrochemical  measurements  of 
a  single  SOFC  were  conducted  in  an  AI2O3  test  housing  placed  inside 
a  furnace.  Humidified  hydrogen  (~4%  H2O)  was  fed  to  the  anode 
chamber  at  a  flow  rate  of  25  mL  min-1,  while  the  cathode  was 
exposed  to  atmospheric  air.  The  anode  side  was  sealed  with  Ag 
paste.  Fuel  cell  performance  was  measured  with  DC  Electronic  Load 
(IT8511).  Resistances  of  the  cell  under  open-circuit  condition  were 
measured  by  CHI604B  (0.1  Hz-100  kHz).  All  electrochemical 
impedance  spectra  (EIS)  were  fitted  using  ZSimpwin  software 
according  to  LR  (QR)  (QR)  equivalent  circuit.  Thermal  expansion  of 
specimen  was  measured  using  a  dilatometer  (SHIMADZU50)  at 
heating  rate  10  °C  min-1  in  air. 

3.  Results  and  discussion 

3.1.  Phase  composition 

Fig.  1  shows  XRD  patterns  of  SDC-SSF  prepared  by  two  different 
methods  as  well  as  SDC  and  SSF  powders.  The  peak  positions  of 
SSF-SDC  from  co-synthesis  method  are  consisted  with  those  from 
dry-mixing  method,  concluding  that  SSF-SDC  composite  cathode 
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Fig.  1.  X-ray  powder  diffraction  patterns  of  SSF-SDC  composite  powders  derived  from 
co-synthesis  and  dry-mixing  method  as  well  as  single  SDC  and  SSF  powders. 
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can  be  synthesized  by  new  method.  It  is  also  easy  to  find  that  the 
composite  powders  are  composed  of  SSF  and  SDC,  respectively  with 
perovskite  and  fluorite  structure.  The  XRD  patterns  reveal  that  no 
new  phase  is  formed  although  there  is  a  difference  in  solubility  of 
metal  ions  in  the  fluorite  (SDC)  and  perovskite  (SSF)  phases,  which 
indicate  that  SDC  has  a  good  compatibility  with  SSF  after  calcining 
at  1000  °C.  The  present  results  are  also  identical  with  those 
reported  in  reference  [21].  The  interface  reaction  and  element 
interdiffusion  between  cathode  and  electrolyte  will  cause  perfor¬ 
mance  degeneration  [22,23].  From  this  point  of  view,  SSF-SDC 
cathode  has  particular  advantage  over  other  cathodes  since 
SSF-SDC  powders  comes  from  a  co-synthesis  process. 

3.2.  Microstructure  of  sintered  samples 

Fig.  2  shows  the  BSEM  images  of  two  dense  disks  (sintered  at 
1400  °C)  at  different  magnification.  The  white  areas  are  SDC  phase 
while  the  dark  areas  are  SSF  phase.  Comparing  between  Fig.  2(a) 
and  (b),  it  is  obvious  that  two  phases  own  a  more  homogeneous 
distribution  in  the  disk  from  co-synthesis  method.  Previously,  Yang 
et  al.  [24]  investigated  the  effect  of  preparation  methods  on 
Gdo.2Sro.8Fe03_§-Ceo.8Gdo.202-5  membrane  microstructures  and 
showed  the  identified  result.  In  fact,  co-synthesis  is  a  chemical 
mixing  method  while  dry-mixing  is  a  physical  mixing  method.  It 
can  be  clarified  that  chemical  mixing  is  a  more  effective  way  for 
obtaining  more  homogeneous  composite. 

The  preparation  method  not  only  affects  homogeneity  but  also 
grain  sizes  of  two  phases.  As  shown  in  Fig.  2(c)  and  (d),  it  is  also 
clearly  seen  that  the  gain  size  of  the  sample  from  co-synthesis  is 
smaller  than  that  of  the  sample  from  dry-mixing.  A  roughly 
statistics  about  grain  size  was  carried  out  by  Nano  Measurement 
soft  and  showed  in  Fig.  3(a)  and  (b).  The  samples  display  the  mean 
grain  size  of  SSF  and  SDC,  0.99  pm  and  0.65  pm  for  co-synthesis 
method,  1.13  pm  and  0.87  pm  for  dry-mixing  method,  respec¬ 
tively.  Furthermore,  SSF  and  SDC  in  co-synthesis  derived  sample 
exhibit  a  narrow  grain-size  distribution  than  that  in  dry-mixing 


derived  sample.  In  co-synthesis  method,  SDC  and  SSF  were 
uniformly  scattered  in  opposing  matrix  and  so  inhibit  the  grain 
growth  of  each  other,  yielding  the  results  as  above. 

3.3.  Conductivities  measurement 

The  electrical  conductivities  of  two  dense  bars  were  investi¬ 
gated  as  a  function  of  temperature,  shown  in  Fig.  4(a).  In  composite, 
the  conductivity  of  SSF  is  higher  about  2-3  order  of  magnitude 
than  that  of  SDC  which  means  two  SSF-SDC  samples  possess 
a  similar  conductivity  change  tendency  with  characteristics  of 
a  small  polar  conduction.  There  is  a  change  of  growing  trend  at 
around  500  °C,  which  undergoes  a  semiconducting-like  conduction 
behavior  to  metal-like  conduction  behavior.  However,  due  to 
diversity  of  microstructure,  the  sample  derived  from  co-synthesis 
method  has  a  higher  conductivity,  21-56  S  cm-1  over  the 
temperature  range  of  300-800  °C.  Since  the  transport  of  electrons 
in  perovskite  phase  is  blocked  by  the  fluorite  phase  in  inhomoge¬ 
neous  sample,  therefore,  the  homogeneous  sample  provides  richer 
electron  and  oxide  ion  transport  paths  and  then  the  corresponding 
conductivity  is  higher.  The  Arrhenius  curves  of  conductivities  were 
plotted  in  Fig.  4(b).  Linear  relationships  could  be  observed  at  low 
temperature  for  both  samples  and  the  activity  energy  (Fa)  was 
presented  according  to  cr=C/T  exp(-Fa/l<T),  where  k  is  Boltzmann 
constant  and  C  is  pre-exponential  constant.  The  Ea  is  different  for 
both  samples,  0.114  eV  for  co-synthesis  and  0.132  eV  for  dry-mixing 
over  the  temperature  range  of  300-600  °C,  respectively.  It  may  be 
originated  from  the  difference  of  microstructure.  In  co-synthesis 
method,  small  grain  size  and  uniform  two-phase  distribution 
respectively  improved  the  surface  activity  and  charge  trans¬ 
portation  so  as  to  reduce  the  corresponding  activity  energy. 

3.4.  Characterization  of  symmetrical  cells 

Fig.  5(a)  shows  the  typical  electrochemical  impedance  spectra 
(EIS)  in  Nyquist  plot  of  the  SSF-SDC|SDC|SSF-SDC  under  open- 
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Fig.  2.  Backscattered  electron  images  with  different  magnifications  of  the  thick  films  from  dry-mixing  method  (a,  c)  and  co-synthesis  method  (b,  d). 
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Fig.  4.  Temperature  dependence  of  conductivity  (a)  and  corresponding  Arrhenius  plots 
(b)  of  different  SSF-SDC  samples. 


circuit  voltage  conditions  at  600  °C,  cell  A  with  co-synthesis 
cathode  and  cell  B  with  dry-mixing  cathode.  In  order  to  study 
different  processes  that  happen  at  electrode,  it  is  significant  that  to 
explain  the  different  semicircles  involved.  At  high  frequencies  the 
impedance  arcs  are  attributed  to  oxygen  ion  transfer  across  elec¬ 
trode/electrolyte  boundary  into  electrolyte;  the  arcs  at  low 
frequencies  are  assigned  to  oxygen  ion  diffusion  through  the 
electrode  layer  and  the  charge  transfer  reaction  at  cathode  surface 
[25].  For  clarity,  only  the  contribution  associated  with  polarization 
resistance  (Rp)  were  shown,  while  the  Rb  corresponding  to  bulk 
resistance  was  omitted.  It  is  easy  to  find  that,  comparing  to  cell  A, 
the  cell  B  semicircle  at  low  frequencies  is  larger  and  provides 
a  greater  contribution  to  the  Rp  of  electrode.  This  result  confirms 
that  oxygen  ions  are  more  easily  generated  and  transported  in  the 
electrode  of  cell  A,  probably  due  to  high  surface  activity  and 
conductivity  in  this  electrode  which  is  more  favorable  to  the 
production  and  transportation  of  oxygen  ion.  In  Gdo.2Sro.sFe03_§- 
Ceo.8Gdo.203_5  oxygen  permeation  membrane  [24],  the  sample 
derived  from  one-step  method  exhibited  high  oxide  permeation 
performance,  which  demonstrated  our  deduction  to  a  certain 
extent. 

The  ASRs  of  two  kind  electrodes  in  temperature  range  of 
500-700  °C  are  shown  in  Fig.  5(b).  As  can  be  seen,  an  obvious  drop 
of  ASR  is  observed  for  two  cells  with  increasing  temperature.  More 
importantly,  ASR  of  cell  A  is  invariably  lower  than  that  of  cell  B  at 


same  temperature  which  can  be  interpreted  by  above  discussion. 
The  ASRs  of  cell  A  are  0.14, 0.40, 0.87, 2.6, 9.8  Q  cm2  at  700,  650,  600, 
550,  500  °C,  respectively.  These  values  are  comparable  with  those 
reported  for  other  cobalt-free  cathodes  [26,27]. 

3.5.  Cathode  evaluation 

The  SSF-SDC  cathode  derived  from  new  synthesis  method 
showed  high  electrical  conductivities  and  good  electrochemical 
properties.  So  a  single  cell  based  on  the  corresponding  cathode  was 
assembled  and  tested  to  evaluate  cathode  performance.  I—V  and 
I—P  plots  of  the  single  SOFC  were  displayed  in  Fig.  6(a).  The  open 
circuit  voltage  values  and  the  peak  power  densities  respectively  are 
0.78  V  and  523  mW  cm-2  at  700  °C,  0.81  V  and  351  mW  cm'2  at 
650  °C,  0.85  V  and  249  mW  cm  2  at  600  °C.  The  open  circuit 
voltages  are  lower  than  those  of  the  cells  with  other  electrolytes  at 
same  temperature,  duo  to  the  reduction  of  Ce4+  to  Ce3+  in  doped 
ceria  which  causes  the  introduction  of  electronic  conductivity  [28]. 
Nevertheless,  comparing  with  other  SDC  cells  they  are  normal  and 
acceptable  values  [29].  The  fuel-cell  performance  might  be  further 
improved  by  optimizing  the  cell  structure,  such  as  reducing  current 
leaking  using  YSZ  thin  layer.  The  polarization  behavior  of  cathode 
on  the  single  SOFC  was  described  in  Fig.  6(b).  The  polarization 
resistance  decreased  from  0.335  to  0.074  O  cm2  with  increasing 
temperature  from  600  to  700  °C,  comparable  with  other  cell  with 
cobalt-free  cathode  [30,31  ]. 
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Fig.  6.  Cell  performance  (a)  and  EIS  (b)  of  a  single  cell  with  SSF-SDC  composite 
cathode  obtaining  by  co-synthesis  method  at  600-700  °C. 


Fig.  5.  EIS  of  symmetric  cells  with  different  cathode  at  600  °C,  cell  A  corresponding  to 
co-synthesis  cathode;  cell  B  corresponding  to  dry-mixing  cathode,  (a)  The  ASR 
comparison  from  400  to  800  °C.  (b). 


After  testing,  the  tri-layer  cell  structure  is  presented  by  SEM 
technology.  As  shown  in  Fig.  7,  there  are  two  porous  electrodes, 
anode  and  cathode,  well  adhered  on  both  side  of  dense  SDC  elec¬ 
trolyte  without  any  sign  of  cracking  and  delamination,  suggesting 
a  good  thermal  matching  between  parts.  The  thickness  of  the 
electrolyte  is  about  20  pm  and  that  of  the  cathode  about  40  pm. 

The  thermal  expansion  curve  is  shown  in  Fig.  8  and  the  TEC 
achieves  17.2  x  10~6  K_1  in  temperature  range  of  50-800  °C.  It  is 
obvious  that  the  TEC  of  SSF  is  much  close  to  SDC  (12.4  x  10~6  K_1 
[32])  than  that  of  Co-containing  cathode,  such  as  SmBaCo205+§ 
(24.1  x  10~6  K"1)  [33],  Sm0.5Sro.5Co03_§  (22.3  x  10“6  K"1)  [34].  The 
close  TECs  ensure  the  good  matching  between  SSF  cathode  and  SDC 
electrolyte  and  then  minimize  the  occurrence  of  delamination  or 
crack  in  cathode/electrolyte  interface. 

To  investigate  the  thermal  cycle  performance  of  Fe-based 
cathode  and  Co-based  cathode,  two  symmetrical  cells  with 
SSF-SDC  and  Smo^Sro^CoC^-s-Ceo.sSmcaOi.g  (SSC-SDC)  cathode 
were  applied  to  thermal  cycle  test  and  the  temperature  was  peri¬ 
odically  varied  between  200  and  700  °C.  As  shown  in  Fig.  9,  the 
initial  polarization  resistance  (Ro)  of  SSC  is  low  than  that  of  SSF  and 
the  polarization  resistances  (Rp)  of  SSC  and  SSF  increase  with  the 
increasing  of  cycle  time.  The  rising  of  Rp  was  represent  by  the 
change  rate  of  Rp  (77):  77  =  (Rp  -  Ro)/Rp.  77  =  36%  for  SSC  and  77  =  16% 


for  SSF  can  be  obtained  after  40  cycles,  suggesting  that  SSC  have 
a  more  quick  performance  degeneration.  This  phenomenon  can  be 
explained  from  the  view  of  TEC.  In  course  of  heating  or  cooling,  the 
stress  was  yielded  at  the  cathode/electrolyte  interface,  resulting  in 
the  increasing  of  Rp.  The  TEC  of  SSC  is  larger  than  that  of  SSF  and 
thereby  77  is  higher. 


* 


SSF-SDC  Cathode 


f 


- 


* 


SDC  electrolyte 


15  40  SEI 


Fig.  7.  Cross-section  SEM  images  of  a  single  cell  after  testing. 
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Fig.  8.  Thermal  expansion  (d LfLQ)  curve  of  SSF  in  the  temperature  range  of  300-800  °C 
in  air. 


Cycle  \  times 

Fig.  9.  The  comparison  of  thermal  cycling  performance  of  SSF-SDC  and  SSC-SDC  as 
the  cathode  performed  in  the  temperature  range  of  200-700  °C. 

4.  Conclusions 

In  this  paper,  co-synthesis  method  was  used  to  synthesis 
SSF-SDC  cathode.  Comparing  to  traditional  dry-mixing  method, 
the  samples  from  co-synthesis  method  showed  identical  phase 
structure,  superior  microstructure,  high  electrical  conductivity  and 
good  catalytic  activity.  As  expected,  a  homogeneous  two-phase 
distribution  and  small  grain  size  in  sample  derived  from  co¬ 
synthesis  method  promoted  electrochemical  properties  of 
SSF-SDC.  The  cobalt-free  SSF-SDC  cathode  was  developed  as 
cathode  of  SOFC  with  SDC  electrolyte.  The  polarization  resistances 


of  the  cell  were  comparable  to  those  observed  for  other  cobalt-free 
cathodes.  The  thermal  cycle  tests  suggested  that  SSF-SDC  cathode 
owned  a  better  cycling  stability  than  SSC-SDC.  A  preferable  prop¬ 
erties  and  simple  preparation  process  are  meaningful  for  practical 
application  as  SOFC  cathode. 
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